Abstract: This paper presents a mathematical model of a doubly fed induction generator (DFIG) 
and uninterruptable operation under nonideal grid voltage conditions including symmetrical voltage dips, network unbalance, and harmonically distortions. Among the various types of wind turbines, the variable speed wind turbines based on the doubly fed induction generator (DFIG), which have many advantages over the fixed speed induction generators or fully fed synchronous generators with full-sized converters, including variablespeed constant frequency (VSCF) operation, reduced flicker, independent control capabilities for active and reactive powers, and relatively lower converter cost and power losses, have attracted extraordinary attention by researchers and manufacturers all over the world [1] . These excellent merits are primarily achieved via the control of a rotor-connected back-to-back voltage-source converter, which is typically rated at around 30% of the generator rating for a given rotor speed range of 0.75-1.25 p.u. under normal operation conditions. However, since the DFIG's stator is directly connected to the grid via step-up transformers and the rating of the grid-side and rotor-side converters is limited, the DFIG generation system is pretty sensitive to any grid disturbances [2] . The steady-state and transient response of DFIG-based wind power generation system under balanced [1] [2] [3] [4] and unbalanced [5] [6] [7] [8] [9] [10] [11] [12] grid voltage conditions have been well understood. Hu et al. [9] and [10] proposed proportional-integral (PI) plus resonant tuned at twice the grid frequency current controllers for both grid-and rotor-side converters. As a result, simultaneous elimination of torque and total active power oscillations at twice the grid frequency have been achieved due to the precise regulation of both positive-and negative-sequence currents when the network voltage is unbalanced. Whereas, voltage harmonics in the grid voltage were not considered Practically, both transmission and distribution networks can also have voltage harmonic distortions. For instance, standards IEEE-519-1992 [13] and ER G5/4-1 [14] have, respectively, recommended different practices and requirements for harmonic control in electrical power systems. Both of them allow individual voltage harmonics, especially fifth-and seventh-order components, to exist up to 3% in the voltage level of 6.6, 11, and 20 kV. As indicated in [15] and [16] , the presence of harmonics in the supply system results in torque pulsations and increased copper and iron losses in electrical machines. As with induction generators, if voltage harmonics are not taken into account by a DFIG's control system, highly distorted stator/rotor currents, and significant torque and power oscillations could result [17] . A DFIG-based wind turbine without distorted voltage control might have to be disconnected from the grid during grid voltage harmonic distortions. However, standards recommend wind farms to withstand a certain voltage harmonics without tripping. The system control and operation of wind-turbine-driven DFIG under distorted grid voltage conditions were initially studied in [17] . A harmonics control scheme with relatively lower dynamics was added to the main rotor current controller. The harmonics control scheme was based on low-pass finite-impulse response (FIR) filters and integral regulators, each of which was responsible for regulating the selected sequential components of rotor currents, respectively, within three grid cycles. As a result, the steady-state harmonic components in the stator currents were eliminated, whereas, for the work reported, the impact of distorted stator voltage on the stator and rotor currents has not been fully defined. In addition, the relationships between the oscillations of the generator torque, the stator active/reactive powers, and the rotor currents have not been fully established. Furthermore, the analysis was carried out in the synchronous reference frame, which inevitably resulted in the control variables being at six times the grid frequency. In Hu et al.'s previous work [18] , an improved current control scheme was presented using a PI plus multifrequency resonant (PI + MFR) controller for a grid-connected voltage-source converter under imbalanced and distorted supply voltage conditions. The control scheme provides pretty good regulation for positive/negative-sequence currents as well as fifth/seventh order current harmonics. As a result, the PI + MFR control scheme can be directly applied to the grid-side converter of DFIG system when the network is distorted. While for the rotor-side converter under distorted grid voltage conditions, this paper investigates ways to improve the control and operation of wind-turbine-driven DFIG generation systems. In the stator voltageoriented positive (dq)+ and harmonic (dq)5−, (dq)7+ reference frames, the mathematical model of a DFIG system under fifth-and seventh-order harmonically distorted grid supply is developed. Based on the developed model, the relationships between the generator torque, the stator active/reactive powers, and the sequential stator voltages/fluxes and rotor currents are fully established. Different control targets are identified, and the corresponding reference values of rotor's fundamental and harmonic currents are provided. A new rotor current control scheme implemented in the (dq)+ reference frame is developed. The control scheme consists of a PI regulator and a harmonic resonant compensator tuned at six times the grid frequency, so as to directly regulate the fundamental and the fifth-and seventh-order components of rotor currents without sequential component decompositions. Finally, simulation results on a 2.0 MW DFIG system are provided to demonstrate the effectiveness of the proposed control strategy.
II. Dynamic Modeling Of Dfig

A. DFIG Model
Under balanced and distorted grid voltage conditions, no zero-sequence component is assumed, and the positive sequence of the fundamental and the harmonics at the frequencies of -5 and 7 are taken into consideration in this paper. In the stationary αβ reference frame, the voltage, current, and flux can be decomposed into the positive-sequence component of the fundamental and the harmonic components of -5 and 7 [18] = (t) + (t) + (t) = + + (1) Where , and are the respective initial phase shift for the Positive sequence of the fundamental and harmonic components Of -5 and 7 . As shown in Fig.1 , for the positive synchronous reference frame, the d+-axis is aligned with the positive-sequence stator voltage rotating at the angular speed of .While for the and reference frames, as can be seen from Fig. 1 ,their and axes rotate at the angular speeds -5 and 7
, respectively, with the phase angles to the α-axis being And According to Fig. 1 , the transformations between the , , , and reference frames are given as Follows:
where superscripts +, 5-, 7+, and r represent the , , and reference frames, respectively Fig. 1 . Spatial relationships between the stationary αβ reference frame, the rotor reference frame, and the , and reference frames. 
Where ( Where (16a) and (16b), shown at the bottom of the next page, hold. The electromagnetic torque of the DFIG is calculated as follows:
Where p is the number of pole pairs., As represented in (14) and (16), under distorted grid voltageconditions, the instantaneous active power output from the DIFG's stator contains five components, viz., the dc average term, the cosine and sine terms of 6th and 12th the grid frequency.It is the same with the stator output reactive power and electromagnetic torque. Besides, it is worth noting from (14) and (16) that the pulsating terms of 12th the grid frequency are only calculated from the fifth-and seventh-order harmonic components of stator voltages, fluxes, and rotor currents. As a consequence, the pulsations at 12th the grid frequency, which behave less significantly compared with these of the sixth, could be ignored in the system control design.
III. System Control
A. Alternative Control Targets
Under distorted grid voltage conditions, there are six rotorsCurrent components, i.e., I+rd+, I+rq+, I5 −rd5−, I5−rq5−, I7+rd7+, and I7+rq7+, that need to be regulated. Apart from controlling the dc average stator active and reactive powers, i.e., Ps0 and Qs0 ,as represented in (14) , four more items can be controlled.
For instance, the DFIG system can be designed to operate as one of the following control targets. Target I: No rotor current oscillations, i.e., no fifth-and seventh-order rotor current harmonics existing. Target II: Strictly sinusoidal stator current to ensure balanced heating and less harmonic losses in the three-phase stator windings.Target III: Removing the pulsations of six times the grid frequency in the stator output active and reactive powers simultaneously. Target IV: Constant stator output reactive power and electromagnetic torque to reduce the mechanical stress on the turbine system.
Other control targets such as eliminating the voltage distortions to get the network voltage harmonicfree, can also be identified, and further investigations on this will be reported in the near future. As shown in Fig. 1 , since the d+-axis is aligned with the positive-sequence stator voltage in the stator voltage orientation (SVO), which means U+ sq+ = 0, (14) and (16) can be simplified.
Besides, according to (11) , we obtain as follows:
As a result, rotor current references can be obtained with different control targets. For Target I, there are = 0 = 0 , thus, based on (7a), (7b), and (9), the fifth-and seventh-order harmonics of stator current are produced as follows:
As to Target II, balanced and harmonic-free stator current means = 0 , = 0. According to (7) , the reference reference values of fifth-and seventh-order rotor current harmonics can be obtained as follows:
While for Target III, there are Ps cos 6 = 0, Ps sin 6 = 0, Qs cos 6 = 0, and Qs sin 6 = 0. According to (14) , the references for the rotor current harmonic components of -5ω1 and 7ω1 can be calculated, respectively, as follows:
Where = , = , = and = As for Target IV, the pulsating terms at six times the grid frequency in the instantaneous stator reactive power and electromagnetic power have to be null, viz.,Pe cos 6 = 0,Pe sin 6 = 0, Qs cos 6 = 0, and Qs sin 6 = 0. Consequently, based on (14) and (16), the references for the rotor current harmonic components of -5ω1 and 7ω1 can be deduced as follows:
B. Proposed Control Design
Once the rotor current references are obtained, I+rd+, I+ rq+,I5−rd5−, I5−rq5−, I7+rd7+, and I7+rq7+ are required to be regulated to follow their respective reference values precisely and rapidly. Good performance of the control strategy relies on the accurate decoupling of the d-and q-axis components and removal of the impact of the distorted network voltage.
In this section, a new control design is developed. The control system consists of a standard PI controller and a generalized ac integrator [19] , which is referred as resonant (R) controller in this paper, and tuned at sixth the grid voltage frequency. The control scheme is implemented in the (dq)+ reference frame without the need for sequential-component decomposition of voltages and currents. According to (7a) and (7b), it can be seen that under distorted grid voltage conditions, the voltage, current, and flux in the (dq)+ reference frame all contain both dc values of the positive sequence of fundamental component and ac terms of the harmonic components of −5ω1 and 7ω1 pulsating at the frequencies of ±6ω1 . It is worth noting that the generalized ac integrator (R) is a double-side integrator [11] , [19] , which means a resonant part tuned at the angular frequency of 6ω1 is not only able to nullify the error for the positive sequence at the frequency of 6ω1 but also for the negative at −6ω1 . Consequently ,similar to the zero error of dc components regulatedby the standard PI controller, the error to the ac signal with the frequencies of ±6ω1 could be sufficiently eliminated by the application of a resonant regulator tuned at 6ω1 in the current controller. Therefore, a PI plus R (PI-R) rotor current controller in the (dq)+ reference frame can be developed for directly regulating both the positive sequence of the fundamental component and the harmonic components of −5ω1 and 7ω1, as shown in Fig. 3 . Based on (5) and (10), a DFIG system under distorted grid voltage conditions can be represented in the (dq) + reference frame as follow: Where U+ rdq is referred to the rotor control voltage produced by the PI-R controller, which is designed as follows:
is defined as the equivalent rotor back electromagnetic force acting as a disturbance to the PI-R controller, and
Kip , Kii ,and Kir are the proportional, integral, and resonant parameters,respectively, which can be determined based on the Naslin polynomial [11] , [20] . According to This indicates that the introducing of the R regulator has little impact on the positive-sequence rotor current control and the proposed PI-R controller gets rid of the effect of E+rdq upon the rotor current control loop and the characteristic is hardly affected by the system parameters σLr and Rr . Based on the analytical results represented in (27) and (29), the effectiveness and robustness of the proposed control scheme have been validated theoretically. As shown in (25), Kip plays the same role as for that in the standard PI regulator, which basically determines the system dynamics in terms of bandwidth, phase, and gain margin .While the resonant regulator with Kir provides infinite gain for the ac components at the frequencies of ±6ω1 . As a result, the PI-R controller is only relatively sensitive to the grid's angular frequency ω1 , which can be accurately gained via phase-lock loop (PLL). Besides, in order to reduce the sensitivity of the R regulator toward slight frequency variations in a typical wind farm connected grid, a component with cutoff frequency of ωc can be inserted into the resonant part to increase its frequency bandwidth [9] , [11] . Consequently, the PI-R controller in thepractical control system is given as follows
: As a result, according to (2a) and (25), the required rotor control voltage can be transformed into the (αβ)r reference frame rotating at the angular speed of ωr as follows:
Thus, space vector modulation (SVM) module can be used to generate the required switching voltage vectors and their respective duration times.
C. Sequential Decomposition of Network Voltage
As represented in (21)- (23), in order to derive the rotor current references, accurate extraction of the positive-sequence component of the fundamental term and the harmonic components of −5ω1 and 7ω1 from the distorted grid voltage is necessitated. Different methods can be used to estimate the sequential components of the polluted grid voltage, this paper introduces a new structure with the multiple complex-coefficient filter (MCCF) [21] , so as to achieve the accurate and rapid extraction for the specified sequences, viz., U+ sd+, U5− sd5−, U5−sq5−,U7+sd7+, and U7+sq7+. The MCCF-based structure is shown in Fig. 4(a) , where Usαβ is the original grid voltage in the stationary αβ reference frame and used as the input of MCCF, and˜ U sαβ+, ˜U sαβ5−, and ˜U sαβ7+ are the estimated fundamental and harmonic sequence components ,respectively where ωc 0 is cutoff frequency and set to an optimum damping ratio of 0.707ω1 .Once the fundamental-and harmonic-sequence components are estimated in the stationary αβ reference frame, the PLL can be used to track the frequency and angular information of the fundamental voltage , as shown in Fig. 4(b) . As a consequence, the estimated as Fig. 4(a) , the mathematical model of the MCCF can be obtained as follows:
˜U sαβ+, ˜U sαβ5−, and ˜U sαβ7+ can be transformed into their respective synchronous reference frames and the required U+sd+, U5− sd5−, U5−sq5−, U7+sd7+, and U7+sq7+ are obtained accurately.
D. System Implementation
Based on the developed control strategies, an improved controlscheme for the DFIG system under distorted grid voltage conditions is shown in Fig. 5 . The measured three-phase rotorcurrents are directly transformed into the (dq)+ reference frame, which results in ±6ω1 ac signal supimposed on a dc signal according to (4b). However, based on the MCCF structure, the fundamental-and harmonic-sequence components of grid voltage are estimated, respectively. Consequently, the rotor current references, viz., I+ * rd+, I+ * rq+, I5− * rd5−, I5− * rq5−, I7+ * rd7+, and I7+ * rq7+, are calculated with different control targets. As in 
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www.iosrjournals.orgframes. Therefore, the harmonic rotor current references have to be transformed to the (dq)+ reference frame. According to (7b), the rotor current references in the (dq)+ reference frame are given as follows: Fig. 6 . Scheme of the simulated system.
IV. Simulation Results
Simulations of the proposed control strategy for a DFIG based wind power generation system were carried out using MATLAB/Simulink, and Fig. 6 shows the scheme of the implemented system. Discrete models were used with a simulation time step of 5 μs. The DFIG is rated at 2 MW with its parameters given in the Appendix. The nominal converter dc link voltage was set at 1200 V. The grid-side converter has to maintain a constant dc-link voltage, and it is controlled by a method similar to the dc voltage controller in a pulsewidth modulation (PWM) grid-connected voltage-source converter [18] , which is not included here. During simulations, a sampling frequency of 10 kHzwas used for the proposed control strategy. Due to the use of an asymmetric SVM technique, a 2.5 kHz converter switching frequency was set. As shown in Fig. 6 , a highfrequency ac filter is connected to the stator side to absorb the switching harmonics generated by the two converters. The filter is a single tuned filter with inductance and resistance connected in parallel instead of series, which results in a wideband filter having an impedance at high frequencies limited by the resistance [22] . A programmable ac source was used to generate fifth and seventh grid voltage harmonics, which were set to 4% and 3% respectively, throughout the steady-state simulation studies. In a practical system, voltages and currents are sampled at the beginning of each sampling period. The required rotor control voltage for the sampling period is, then, calculated and passed to the SVM module. Inevitably, there is a time delay between the instant sampling and SVM modulator's receiving the required rotor control voltage and updating its register values. Rotor voltage calculation of the proposed control strategy is relatively simple, and the time delay should be pretty small. Nevertheless, the calculated output rotor voltage is delayed by 100 μs (one sampling period) to closely represent a practical DFIG control system. During the simulation, the grid-side converter is enabled first, so that the converter dc-link voltage is regulated. The generator is, then, excited by rotor-side converter with the rotor rotating at a fixed speed till the stator voltage matches with the network voltage, such that the DFIG system is switched into grid-connected operation. This starting process is not shown in the following results. For the first instance, the DFIG's rotor speed was fixed at 0.8 p.u. with the synchronous speed being 1.0 p.u., since the large inertia of wind turbines leads to slow changes of rotor speed. current spectrum (relative to the fundamental 10 Hz rotor current). were set at 2 MW and 0 Var, respectively Within the period of 0-0.05 s, the conventional control without grid distortion considered was employed and the resonant part in the PI-R rotor current controller was disabled. At the instant of 0.05 s, the resonant regulator was enabled with Target I selected. Afterward, the system control target was switched to Target II at 0.1 s, Target III at 0.15 s, and Target IV at 0.2 s, respectively. As shown from Fig. 7(d)-(g) , with the conventional control within the first 0.05 s, the standard PI rotor current regulator failed to control the harmonic rotor currents in the positive synchronous reference frame, as a consequence, the three-phase stator currents were badly distorted, as shown in Fig. 7(b) . In addition, there existed significant 300 Hz pulsations in the instantaneous stator active and reactive powers, and the electromagnetic torque. The rotor currents contained both 10 Hz fundamental component, i.e., 50-40 Hz, and the harmonic components of 290 Hz (250 + 40 Hz) and 310 Hz (350 -40 Hz), respectively. For clear illustrations, Fig. 8 shows the harmonic spectra of the stator and rotor currents during 0-0.05 s. Once the developed PI-R rotor current regulator was enabled at 0.05 s, as can be seen fromFig. 7(d)-(g), both the positive sequence of the fundamentaland the harmonic-sequence rotor current components were controlled precisely and rapidly. In particular, the tracking of the harmonic rotor currents to their respective reference values was quite satisfactory during the switching among the different control targets.
For the purpose of clear comparisons, the measured fifthand seventh-order stator current harmonics, rotor current ratios of 290 Hz (29th) and 310 Hz (31st) harmonics with respect to the 10 Hz fundamental component, 300 Hz peak-to-peak pulsations of the stator output active and reactive powers, DFIG's electromagnetic torque and converter's dc-link voltage are summarized and compared in Table I with various control targets. It can be apparently seen from Fig. 7 and Table I that using the proposed control strategies and the developed PI-R control design, the predefined control targets have been fully achieved, respectively. Moreover, Target I not only minimized the 29thand 31st-order harmonics of rotor currents, but also gave significant attenuations in the stator current harmonics and the 300 Hz pulsations in the generator's electromagnetic torque. Similarly, Target II attenuated the harmonic components of stator and rotor currents, and the torque oscillations simultaneously.
Since the exchange of active power between the DFIG rotor and the rotor-side converter contains 300 Hz oscillation, the dc-link voltage also oscillated at 300 Hz with peak-to-peak amplitude of around 8 V. The impact of such oscillation on the system operation is found to be negligible as both the rotor current and the current for the grid-side converter (not shown in this paper due to space limitation) are controlled precisely. If required, the dc capacitance could be increased to reduce such oscillation. Similar tests with various rotor speeds and different combinations of the stator output active and reactive powers were also carried out and the system performance behaved analogically to those shown in Figs. 7 and 8, and Table I . 
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For the practical systems, the selection of control target will highly depend on the design of wind turbines and the operational requirement of network. While, by adopting one of the control targets aforementioned and the proposed current control scheme, system operation, and performance can be The results are shown in Fig. 10 with generator speed being 1.2 As a result, it can be seen, by comparing Fig. 10(a) and (b), thatwith the proposed control system, the operation of the generationsystem during such transient voltage harmonic distortion was much smoother with the oscillations in both stator reactive power and electromagnetic toque removed completely.
After the voltage distortions cleared, the R regulator controlled the harmonic rotor current components to be null of itself and the system was back to the normal operation. System responses of the proposed control strategy with variations of generator's torque and speed were also investigated and the results are shown in Fig.  11 . The generator speed was step changed from 1.2 to 0.8 p.u. at 0.1 s. According to the maximum power point tracking curve, the DFIG's stator active power and electromagnetic torque were changed from 1 to 0.25 p.u., and from -0.68 to -0.16 p.u., respectively. The stator output reactive power was kept at 0. Target III was initially chosen, but switched to Target IV at 0.2 s. The lumped inertia constant of the generation system was set to a smaller value of 0.2 s in this study for a better illustration. From Fig. 11(d) , it can be seen that within the period of 0-0.2 s, the stator output active and reactive powers had no 300 Hz pulsations at all, although the stator voltage was distorted with fifth and seventh harmonics. Once the controller was switched to Target IV at 0.2 s, the 300 Hz oscillations in both the electromagnetic torque and the stator reactive power were eliminated quickly. Apparently, Fig. 11 indicates that the system performance during the variations of the DFIG's torque and speed is quite satisfactory.
V. Conclusion
This paper has presented an analysis and improved control of a wind-turbine-driven DFIG operating under distorted grid voltage conditions. Simulated studies on a 2 MW DFIG wind power generation system are carried out to validate the proposed control strategies. As a result, the following conclusions can be drawn. 1) When the grid voltage is harmonically distorted, viz., taking the positive sequence of the fundamental and the harmonics at the frequencies of -5 ω 1 and 7 ω 1 into account, the DFIG's electromagnetic torque and instantaneous stator active and reactive powers have been fully defined, which indicates that significant oscillations at six times the grid frequency do exist and should be attached importance to. 2) Methods for improving system responses of wind-turbine driven DFIG systems under distorted grid voltage conditions are identified. Alternative control targets are capable of keeping sinusoidal the three-phase stator currents or rotor currents, or removing pulsations in both stator active and reactive powers, or in the generator's electromagnetic torque and stator reactive power. In contrast, the conventional vector control scheme of DFIG results in significant pulsations of the stator active/reactive powers and electromagnetic torque, and excessive harmonics in the stator/rotor currents, even with a small stator voltage distortion.
3) A rotor current scheme that is implemented in the positive synchronous reference frame is developed. The control scheme consists of a PI regulator and a harmonic resonant compensator tuned at six times the grid frequency. As a result, the fundamental and the fifth-and seventhorder components of rotor currents are directly regulated by the PI-R controller without involving any sequential component decompositions. Consequently, the proposed respective control targets can be fully accomplished.
